Savannas and open grasslands often co-exist in semi-arid regions. Questions that remain unanswered and are of interest to biometeorologists include: how do these contrasting landscapes affect the exchanges of energy on seasonal and annual time scales; and, do biophysical constraints imposed by water supply and water demand affect whether the land is occupied by open grasslands or savanna? To address these questions, and others, we examine how a number of abiotic, biotic and edaphic factors modulate water and energy flux densities over an oak-grass savanna and an annual grassland that coexist in the same climate but on soils with different hydraulic properties.
Introduction
There are critical climate, soil and disturbance conditions that enable grass, trees or a mixture of trees and grass to dominate the composition of a landscape (Holdridge, 1947; Eagleson, 1982; Higgins et al., 2000; van Wijk and Rodriguez-Iturbe, 2002) . Since trees and grass canopies differ in their ability to intercept and absorb photons and transpire (Kelliher et al., 1993; Miranda, 1997) , their relative composition can have a profound effect on the surface energy balance of a landscape, which in turn, can have a modifying feedback on the regional climate (Zeng and Neelin, 2000) and its water balance (Joffre and Rambal, 1993; Rodriguez-Iturbe et al., 1999a) .
Savannas exist in the sub-tropical regions of Latin America, Africa and Australia (Eamus and Prior, 2001 ) and in the Mediterranean climate zones, which span the Mediterranean basin of Europe and parts of California, Chile, South Africa and Australia (Joffre et al., 1999) . A noted climatic feature among savannas is their exposure to prolonged wet and dry periods. This climate forcing, combined with fire and grazing, cause savanna canopies to form open, heterogeneous woodland canopies with grass understories (Scholes and Archer, 1997; Joffre et al., 1999; Higgins et al., 2000; Eamus and Prior, 2001 ). This heterogeneity in structure and function adds to the complexity of measuring and modeling fluxes of mass and energy over such landscapes.
The coexistence of trees and herbs in savannas has compelled many scientists to explain the relative dominance between the two plant functional types using hydrological and ecological explanations (Scholes and Archer, 1997; Higgins et al., 2000; van Wijk and Rodriguez-Iturbe, 2002) . It has been theorized that trees and grasses are able to co-exist in savannas by occupying different niches, which can be separate in space or time (Eagleson, 1982; Rodriguez-Iturbe et al., 1999b) , or by maintaining balanced competition with each other through disturbance-life history interactions (Scholes and Archer, 1997; Higgins et al., 2000) .
The niche separation theory is derived from the observation that grasses and trees tap different soil moisture reserves and they adopt different life strategies. Grasses, for example, have a relatively shallow root system (Jackson, 1996) , so they are unable to tap deep sources of water in the soil profile. To survive across the hot dry summer in Mediterranean climates, many grass species adopt an annual life cycle and transmit their genetic information in the form of seed. Trees, growing adjacent to (or over) grasses, tap deeper sources of soil water (Lewis and Burgy, 1964; Griffin, 1973; Ehleringer and Dawson, 1992; Sternberg et al., 1996) or they can remedy soil moisture deficits through hydraulic lift (Ishikawa and Bledsoe, 2000) . They also have the physiological capacity to withstand severe soil water deficits (Griffin, 1988) . For instance, they can decrease their hydraulic conductivity by reducing leaf area, root density and sapwood area (Eamus and Prior, 2001) or they can endure extended drought periods through stomatal closure (Xu and Baldocchi, 2003) and osmotic adjustment (Thomas et al., 1999) .
To understand and critique the hydrological and ecological hypotheses that are being used to explain the presence and function of vegetation in savannas, we must characterize the water and energy balances between these ecosystems and the atmosphere on seasonal and annual time scales. So far, most of our current knowledge on water and energy exchange of savannas comes from campaign studies over relatively sparse woodlands and C 4 grasses in Australia Silberstein et al., 2001) , Portugal, Spain, France (Joffre and Rambal, 1993; Joffre et al., 1999) , the Sahel (Huntingford et al., 1995; Kabat et al., 1997; Lloyd, 1997; Tuzet et al., 1997) and open semi-arid woodlands in Arizona (Chehbouni, 2000a; Scott et al., 2003) . And, the majority of extant grassland studies reported in the literature have been confined to studies performed in the central Great Plains of North America, which consists of a mixture of perennial C 4 /C 3 species and a climate that experiences summer rains. Published studies of note include those from the FIFE study site in Kansas (Verma et al., 1989; Kim and Verma, 1990) and Ameriflux sites in Oklahoma (Burba and Verma, 2001; Meyers, 2001) , Kansas (Ham and Knapp, 1998; Bremer et al., 2001) and Canada (Wever et al., 2002) . Only Valentini et al. (1995) has published measurements of carbon and water use from an annual C 3 grassland in a Mediterranean climate. That study, however, did not measure the net carbon and water balance of the canopy on a continuous basis. Furthermore, it was specific to grass growing on serpentine soil near the Pacific coast, whose lower productivity is lower than other annual grasslands in California (McNaughton, 1968) .
New and long-term energy balance studies on savanna and annual grasslands are needed to improve our understanding of the biophysical functioning of these systems. Such studies are also needed to provide validation data for biophysical models that are being used to assess weather and climate (Sellers, 1997; Pyles et al., 2003) and for testing new eco-hydrology theories that are being produced to predict soil water balances , equilibrium states vegetation and soil moisture (Eagleson, 1982; Rodriguez-Iturbe et al., 1999b) and the stability and instability of the climates of wet and dry landscapes (Brubaker and Entekhabi, 1996; Zeng and Neelin, 2000; Porporato et al., 2001 ).
Here we report on a comparative study of water and energy fluxes over an oak-grass savanna and an annual grassland; information on carbon dioxide exchange measurements over the grassland is discussed in a companion report (Xu and Baldocchi, 2004) . These two ecosystems are located in northern California and coexist in the same climate. They contrast one another by existing on soils with different hydraulic properties and by having different geometric (canopy structure, rooting depth), physical (albedo), and physiological (phenology, stomatal control) attributes that affect energy and water fluxes.
The main objectives of this paper include:
1. Comparing radiative, convective and latent energy flux densities of an oak savanna and nearby annual grassland over the course of two growing seasons.
2. Quantifying the roles of soil water content and soil physical properties on evaporation rates and canopy conductance. 3. Quantifying the effects of canopy structure and phenology on the partitioning of energy exchange associated with understory and overstory vegetation.
Scientific questions that will be addressed in this paper include: is there a physical limit on annual evaporation of the ecosystem imposed by annual rainfall, the plant functionally type and water holding capacity of the soil? How well do the stomata regulate the loss of water by the trees? Is sensible heat exchange, during the summer, greater over a senesced grassland or a transpiring, but open woodland? Is the root system of the trees constrained by an underlying fractured rock layer or can roots penetrate through cracks and exploit moisture below the soil profile?
Materials and methods

Site information
Water vapor and energy exchange measurements were conducted at two field sites, which are located on the lower foothills of the Sierra Nevada Mountains, near Ione, CA (USGS 7.5 Quadrangle map: Irish Hill). One study site is classified as an oak savanna woodland (latitude: 38.4311 • N; longitude: 120.966 • W; altitude: 177 m). The second site is less than 2 km way and is classified as a California, annual grassland (latitude: 38.4133 • N; longitude: 120.9508 • W; altitude: 129 m).
Climate
Mean annual air temperature of the region is 16.6 • C, as deduced from the DAYMET climate interpolation program (http://www.daymet.org/). The mean annual precipitation is about 559 mm per year (this value was derived from a discontinued NCDC cooperative weather station in Ione, CA that operated between 1959 and 1977) . Due to the Mediterranean climate of the region, rainfall is concentrated between October and May; essentially no rain occurs during the summer months.
Vegetation structure and dynamics
The annual grassland is physiologically functional during the late autumn, winter and early spring and dead during the summer (Heady, 1988) . When physiologically active, it contains multiple species and functional groups (grasses, forbs and nitrogen fixers) (McNaughton, 1968; Heady, 1988) and forms a closed canopy. Furthermore, water use by the grassland is in phase with the period of precipitation, but out of phase with the atmosphere's demand for water during the hot dry summer. In contrast, the oak-grass savanna possesses two distinct layers (a tree overstory and grass understory) that operate in and out of phase with each other over the course of a year (Griffin, 1988) . The oak woodland is deciduous and dormant during the winter rainy period that replenishes its soil moisture reservoir. The trees leaf out in the spring and rapidly reach full photosynthetic potential (Xu and Baldocchi, 2003) . After the rains cease, the trees gradually draw down the supply of moisture in the soil as they transpire. During the hot dry and rainless summer, their stomata carefully regulate water loss to avoid lethal cavitation (Griffin, 1973; Kiang, 2002; Xu and Baldocchi, 2003) . Finally, the trees lose their leaves in the late autumn after the first big rainstorm.
The overstory of the oak savanna consists of scattered blue oak trees (Quercus douglasii). The blue oak ecosystem rings the Great Central Valley of California and inhabits the lower reaches of the Sierra Nevada foothills (Griffin, 1988; Thompson et al., 1999) . Their elevational range is between 100 and 1200 m and their areal extent is about 2.2 million ha (Barbour and Minnich, 2000) .
Blue oak trees possess a ring-porous xylem anatomy and are among the most xerophytic of associated oak species, as noted by their ability to achieve pre-dawn water potentials below −4.0 MPa (Griffin, 1973; Johannes et al., 1994; Ishikawa and Bledsoe, 2000; Kiang, 2002; Xu and Baldocchi, 2003) .
A demographic survey on stand structure was conducted on a 100 by 100 m patch of forest and along a 200 m transect (Kiang, 2002) . The mean height of the forest stand is 7.1 m, its mode is 8.6 m and the maximum height is 13.0 m. The landscape consists of approximately 194 stems per hectare, their mean diameter at breast height (dbh) is 0.199 m and the basal area is 18 m 2 ha −1 . Also registered in the site survey, were occasional grey pine trees (Pinus sabiniana) (3 per ha).
The landscape has been managed, as the local ranchers have removed brush and cattle graze the grasses and herbs. A demographic survey detected that over 50% of the grasses and herbs in the understory of the oak savanna were represented by Brachypodium distachyon, Hypochaeris glabra, Bromus madritensis, and Cynosurus echinatus. Avena, Bromus, Erodium, Trifolium and Erodium were among the genera of herbs and grasses dominating the annual grassland site.
Leaf area index of the herbaceous vegetation was measured periodically on the using destructive sampling methods by running samples of leaves through an area meter (LICOR 3100, Lincoln, NE). Seasonal trends in leaf area index are presented in Fig. 1 . Grass started growing after the commencement of autumnal rains (after day 300) and started to senesce shortly after the rains stopped in spring (∼day 100). The maximum leaf area of the grassland occurred near day 80 and reached a value near 2 m 2 m −2 . In contrast, the herbaceous vegetation in the understory of the savanna was sparser; its maximal leaf area index only approached one. Greater production of grass on the treeless landscape, than under trees of the nearby oak woodland, agrees with measurements from across the blue oak biome of northern California, where rainfall exceeds 500 mm per year (McClaran and Bartolome, 1989) .
The oak trees covered 40% of the landscape within a kilometer of the tower (Fig. 2) . Leaf area index of the oak woodland was evaluated indirectly using a plant canopy analyzer (LICOR 2000, Lincoln, NE) along a 200 m transect at dusk (Kiang, 2002) . The open nature of the woodland (Fig. 2) resulted in a leaf area index less than one (0.65); this value was not subject to clumping corrections due to its low value. Furthermore, these results were confirmed with independent litterfall measurements and computations using allometric scaling algorithms (Kiang, 2002) . From a micrometeorological perspective, the field sites are nearly ideal. They are on are relatively flat terrain and possess adequate fetch. A uniform fetch of tree-grass savanna extends upwind for about 2 km around a central meteorological tower (Fig. 2a) . The fetch of the grassland extends about 200 m beyond the instrument tower (Fig. 2b) . Numerical footprint calculations, performed with a Lagrangian footprint model (Baldocchi, 1997) indicate that this distance was well within the flux footprint during near neutral and unstable thermal stratification.
Soils
The ecosystems are on soils classified as the Auburn-Exchequer association (Soil Survey of Amador Area, California, 1965, USDA, Soil Conservation Soil water retention curves were quantified using a dewpoint hygrometer (model WP4, Decagon Devices, Inc., Pullman, WA). Parameters for the mathematical representation of the water retention curve, using a power law model, are listed in Table 2 .
Meteorological and soil measurements
Environmental measurements started early November 2000 at the grassland site and late April 2001 at the oak woodland; measurements continue as we write this paper. Radiation flux densities were measured above the canopies with an upward and downward facing quantum sensor (PAR Lite, Kipp and Zonen, Delft, Netherlands), a pyranometer (CM 11, Kipp and Zonen, Delft, Netherlands), and a net radiometer (NR Lite, Kipp and Zonen, Delft, Netherlands), Soil moisture was measured with three methods that vary in their spatial and temporal attributes. Volumetric soil moisture content was measured continuously with an array of frequency domain reflectometry sensors (Theta Probe model ML2-X, Delta-T Devices, Cambridge, UK). The probes sense 60 mm segments of soil and deduce soil moisture by measuring the dielectric constant in the contained soil matrix. Sensors were placed at various depths in the soil (surface, 10, 20 and 50 cm) and were calibrated using the gravimetric measurements of soil moisture. Profiles of soil moisture were obtained across a wider spatial domain on a periodic basis (∼weekly) using segmented, time-domain, reflectometer probes (Moisture Point, model 917, Environmental Sensors, Inc., Victoria, British Columbia). Five segmented probes (0-15, 15-30, 30-45 and 45-60 cm) were installed at the woodland and two segmented probes were installed at the grassland. Pre-dawn leaf water potential was measured periodically to assess the integrated soil water potential sensed by the root system. A plant water status pressure chamber was used for this measurement (Model 3000, Soil Moisture Equipment Corp., Goleta, CA). Typically twenty leaves from 10 trees were sampled.
Because the roots vary with depth and extract water from the soil profile in a non-uniform way, we computed a representative metric of available soil moisture by weighting soil moisture by the probability distribution of roots by depth:
The probability density of roots by depth, dp/dz, in Eq. (1) was derived from the cumulative probability distribution of roots, p, from representative ecosystems (Jackson, 1996) , where p(z) = 1 − β z , z is depth in centimeters, and 0 Z (dp(z)/dz) dz sums to one. Drawing on data from Jackson (1996) , we assigned β to be 0.94 for the grassland. For the oak woodland, we deduced β using data from Ishikawa and Bledsoe (2000) . They reported that 70% of excavated root biomass of a blue oak woodland is located, on average, above 0.5 m, which produces a β value of 0.976.
Soil temperatures were measured with multi-level thermocouple probes. The sensors were spaced logarithmically at 0.02, 0.04, 0.08, 0.16 and 0.32 m below the surface. Four probes were placed in the soil at the woodland and two were used to sample soil temperature at the grassland. Soil heat flux density was measured by averaging the output of three soil heat flux plates (model HFP-01, Hukseflux Thermal Sensors, Delft, The Netherlands) at each site. They were buried 0.01 m below the surface and were randomly placed within a few meters of the flux system. The gradual build up of plant matter changed the thermal properties of the upper layer. Consequently, heat storage was quantified in the upper layer by measuring the time rate of change in temperature using the method of Fuchs and Tanner (1967) .
Canopy heat storage of the woodland was calculated by measuring the time rate of change in bole temperature. Bole temperatures were measured in ten trees using three thermocouples per tree. Those sensors were placed about one cm into the bole and were azimuthally space across a tree at breast height. Using information on tree density and diameter at breast height, the storage measurements of heat flux were scaled to the landscape. For periods with missing tree temperature we estimated canopy heat storage using a second order polynomial that regressed canopy heat storage (S) on net radiation (R n ); r 2 = 0.82, b 0 = 13.6; b 1 = −0.192; b 2 = 0.000185.
Ancillary meteorological and soil physics data were acquired and logged on Campbell CR-23x and CR-10x data loggers. The sensors were sampled every few seconds and half-hour averages were computed and stored on a computer, to coincide with the flux measurements.
Eddy covariance instrumentation and flux density calculations
The eddy covariance method was used to measure water, heat and CO 2 flux densities between the biosphere and atmosphere (Baldocchi, 2003) . Positive flux densities represent mass and energy transfer into the atmosphere and away from the surface and negative values denote the reverse.
Wind velocity and virtual temperature fluctuations were measured with a three-dimensional ultra-sonic anemometer (Windmaster Pro, Gill Instruments, Lymington, UK). Carbon dioxide and water vapor fluctuations were measured with an open-path, infrared absorption gas analyzer (model LI-7500, LICOR, Lincoln, NE). The micrometeorological sensors were sampled and digitized 10 times per second.
At the savanna site, a set of micrometeorological instruments was supported 23 m above the ground (∼10 m over the forest) on a walk-up scaffold tower. The gas analyzer was mounted 0.35 m below the sonic and 0.25 m to the side of the anemometer. Another set of flux measurement instrumentation was mounted about 2 m above the ground in the understory. And a set of flux measurement instrumentation was mounted on a tripod tower 2 m above the ground at the grassland. Each tower was protected from the cows with an electrical fence.
In-house software was used to process the measurements into flux densities. The software computed covariances between velocity and scalar fluctuations over half-hour intervals. Turbulent fluctuations were calculated using the Reynolds decomposition technique by taking the difference between instantaneous and mean quantities. Mean velocity and scalar values were determined using 30 min records. The computer program also removes electrical spikes and rotates the coordinate system to force the mean vertical velocity to zero. Corrections for the effect of density fluctuations were applied to the scalar covariances that were measured with the open-path sensor using theory developed by Webb et al. (1980) . Recent papers (Paw et al., 2000; Finnigan et al., 2003) have recommended using the planar rotation method of instead of classic coordinate rotation method to compute flux covariances. Test calculations revealed that the classic coordinate rotation method produced similar results as the planar rotation method; this occurred in part because the mean angle of rotation for the grassland and woodland was less than 1.3 • .
The fast response CO 2 /water vapor sensors were calibrated every 3-4 weeks against gas standards. The calibration standards for CO 2 were traceable to those prepared by NOAA's Climate Monitoring and Diagnostic Laboratory. The output of the water vapor channel was referenced to a dew point hygrometer (LI-610, Licor, Lincoln, NE). Over the past two years the calibration zeros and spans have shown negligible drift.
Data quality and assurance
Prior to the experimental set up computations of the flux covariance transfer functions (Moore, 1986) were made to guide the positioning of sensors in the field. Overall transfer correction factors were less than a few percent. Considering uncertainties with applying the transfer functions, we chose not to apply them to our data.
One measure of testing data quality is to test for closure of the surface energy balance (Wilson, 2002) . Using data from 2001, we report that the slope between net radiation flux density (R n ) and the sum of sensible (H), latent heat (λE) and soil heat flux (G) densities for the grassland study was 0.92, the intercept was 1.13 W m −2 , and the coefficient of determination (r 2 ) was 0.974. For the savanna system, the linear regression between R n and the sum of λE, H, G and Oak-Grass Savanna canopy heat storage (S) produced an intercept of 0.69, a slope of 0.87 and a coefficient of determination (r 2 ) of 0.93. While our ability to close the surface energy balance is imperfect it ranks among the sites with the highest degree of energy balance closure, according to a synthesis by Wilson (2002) using data from the FLUXNET network. Many factors can account for imperfect, but satisfactory, degree of energy balance closure. For this study we cite that the net radiation, S and G measurements at the woodland site were not representative of the flux footprint associated with λE and H. The net radiometer was mounted on a tall tower. Because it extended only one meter from the tower it saw a mix of open canopy, tower and trees. In addition, the number of available datalogger channels and wire length limited the spatial sampling of G and S. If we examine energy balance closure of the savanna on a 24 h basis, which tends to force error prone storage terms (G and S) to sum to near zero, an improvement in energy balance closure was attained for this field site (Fig. 3) , giving us better confidence on the daily and seasonal sums of energy exchange that are presented in this paper.
Data gaps are inevitable and must be filled to compute daily and annual sums of fluxes. We filled data gaps with the mean diurnal average method (Falge, 2001) . The diurnal means were computed for consecutive 26-day windows to account for seasonal trends in phenology and soil moisture. The 26-day window corresponds well with a spectral gap in energy fluxes (not shown), suggesting that this time window was nearly optimal.
Results and discussion
Weather and climate
To understand how plant functional-type, weather, seasonal drought, and soil physical properties alter energy balance partitioning of an oak-grass savanna and a nearby grassland, we first present background information on some key environmental variables (solar and net radiation, air temperature and soil moisture). Solar radiation is the main energy source of the ecosystem and microclimate. Data on the seasonal pattern of daily-integrated global solar radiation (R g ) and net radiation (R net ) are presented in Fig. 4 . Between the winter and summer solstices, peak values of daily-integrated solar radiation gradually increased from about 10 to 30 MJ m −2 per day. During the winter, spring and autumn, rain and fog caused values of daily solar radiation to drop below the upper envelope. Conversely, most days were clear during the summer, and daily sums tended to fall along the upper envelope of the seasonal trend. On an annual basis the field sites received about 6.7 GJ m −2 per year of solar energy. This value is among the highest values observed at sites across North and South America (Ohmura and Gilgen, 1993) and is consistent with historical measurements at two climate stations in sunny northern California (Major, 1988) . On a global basis, these data are exceeded only by radiation measurements in the semi-arid and desert regions of South Africa, central Australia, the Middle East and portions the Indian subcontinent (Ohmura and Gilgen, 1993) . The net radiation balances of the two contrasting field sites differed markedly (Fig. 4) despite receiving identical sums of solar radiation and longwave radiation. During 2002, the daily integral of the net radiation flux density was greater over the woodland, Fig. 5 . Starting in January, albedo of the grassland and woodland decreased as the grass canopy greened and grew, gradually obscuring bare soil and detritus. Comparatively, albedo of the dormant and bare woodland was slightly greater than the open grassland during this period as the bare trees were more reflective. A switch in temporal trend of albedo occurred around day 100, which coincided with the period of minimum albedo, for both the woodland and grassland. The switch was prompted by the reproductive heading of the grasses and was reinforced by their sequential senescence (Xu and Baldocchi, 2004) . And during the summer the dead grass was 'golden' and highly reflective.
The temporal switch in albedo was less abrupt over the woodland, as the period near day 100 also coincided with the expansion of leaves. During the summer the woodland had a lower albedo than the grassland because the multi-storied structure of the woodland trapped sunlight, even though the grass understory was dead and highly reflective. Differences in PAR albedo during the summer partially explain the observed differences in R n (Fig. 4) .
Differences in emitted longwave radiation may provide another part of the explanation to the question: 'why there was a difference in the net radiation balance of the two sites?' We did not have radiative temperature measurements at both sites, but we were able to compute aerodynamic temperatures (T aero ), from measurements of sensible heat flux density, the aerodynamic resistance to heat transfer and air temperature, and use them as a proxy for surface temperature. Over the course of the year 2002, the mean aerodynamic temperatures of the two canopies were very similar (T aero for the oak woodland was 17.95 ± 0.43 • C and T aero for the grassland was 17.58±0.74 • C). While the mean aerodynamic temperature of the oak woodland was significantly greater than that of the grassland (t = 3.337; P = 0.0009), the observed temperature differences cannot account for the differences in R net through longwave energy losses, as these temperature difference represent a 2 W m −2 potential difference in longwave energy emission.
The seasonal trends in maximum and minimum temperature are shown in Fig. 6 . Maximum and minimum air temperatures are rather mild during the winter. Maximum temperatures during the grass's growing season, the winter and spring, were rarely above 15 • C and minimum temperatures never dropped below −5 • C. But frost and freezing were frequent during the winter and their occurrence stymied growth of the grass and stomatal opening (Xu and Baldocchi, 2004) . During the summer, after the grass died, maximum air temperature often exceeded 40 • C in the afternoon and dropped below 10 • C at night. The passage of weather fronts and changes in air masses caused much variation in maximum and minimum temperatures (10-15 • C) on a weekly basis, throughout the year. Seasonal trends of soil moisture are presented in Fig. 7 . The maximum soil moisture content, integrated across the upper 0.60 m of the soil profile, occurred during the winter rainy season. But the maximum amount of water each soil held differed. After repeated winter rainstorms, the maximum soil moisture values were 0.31 m 3 m −3 and 0.44 at the grassland and oak savanna sites, respectively. The maximum moisture content at the savanna corresponded well with the computation of field capacity from the soil-water release curve (the volumetric water content at −0.033 MPa is 0.45 m 3 m −3 ). The maximum soil moisture at the grassland, on the other hand, did not match the theoretical estimate of field capacity well, and instead corresponded with a water potential of −0.19 MPa. The grassland site may experience more drainage and lateral flow than the woodland because of its slightly convex topography. After the rains stopped in the spring, vegetation at both sites progressively depleted moisture from the soil profile. By the start of the autumnal rains (after day 300) the minimum soil moisture at both sites had dropped to about 0.09 m 3 m −3 (a soil water potential corresponding to about −3.0 MPa).
The differences we see in soil texture, bulk density and water holding capacity at the two sites are consistent with other reports on savannas. Joffre and Rambal (1988) , for example, show that bulk density and moisture retention differed between tree-covered area and open area and soil water content was higher in tree covered areas. And Jackson et al. (1990) report better soil hydraulic properties under trees in California oak woodlands.
Evaporation and sensible heat exchange: temporal dynamics
With information on canopy structure and climate on hand we next address how these factors affect the magnitudes and temporal dynamics of evaporation (E) and sensible heat (H) exchange of the savanna and grassland systems. A comparison of daily-integrated evaporation, E, for the oak woodland and grassland is shown in Fig. 8 . During the winter periods, less than 1 mm per day evaporated from the two contrasting sites. With the approach of spring, evaporation rates at both sites increased day-by-day until peak rates of 4 mm per day were achieved. Temporal increases in demand (net radiation) and supply (leaf area index of the grassland and savanna understory) were responsible for this trend (Figs. 1 and 4) . Close inspection of Fig. 8 shows that slightly greater rates of evaporation occurred from the grassland, during spring, which we attribute to differences in leaf area index; the leaf area index of the grassland was greater than that of the grass under the dormant and leafless oak woodland. By late spring and summer the situation switched. Then evaporation from the woodland greatly exceeded that from the grassland, which had died and was not transpiring. And by late summer both landscapes were evaporating at very low levels, below 0.3 mm per day, as low soil water potentials promoted stomatal closure (Kiang, 2002; Xu and Baldocchi, 2003) .
Annual evaporation and water budgets are summarized in Table 3 , on a calendar year basis. We calculate that much more water evaporated from the woodland over a year (381 mm per year) than from the nearby annual grassland (∼300 mm per year). We also observe that annual precipitation exceeded actual evaporation at both sites; the ratio ranged between 1.29 and 1.85. Annual budgeting of rainfall, however, can be misleading and may not represent the amount of water available to the plants because surplus rainfall occurs in the winter and either runs off the surface or drains past the root system. The evaporative water balances at our study sites are near the thresholds (∼400 mm per year) of supporting grass or woodland (Stephenson, 1998) . Consequently, Table 3 Annual budgets of measured evaporation (E), equilibrium evaporation (E eq ), precipitation (ppt), net radiation (R n ) and derived ratios slight differences in soil water holding capacity may play a partial, if not critical, role as to whether trees exist or are absent at one of the sites (Joffre and Rambal, 1993) . With respect to our two study sites, the upper 0.60 m of the soil holds 210 mm of water at the woodland site and the soil at the grassland site holds 132 mm of water. This difference of 78 mm corresponds very well with the difference in annual evaporation at the two field sites, which can be effectively exploited by the woodland once the rains stop. The differences we report in evaporation for the two sites is also supported with results from a Spanish dehesa, where it was observed that between 100 and 200 mm more water was stored in the soil under trees than in the open grassland between trees (Joffre and Rambal, 1993) . To quantify whether atmospheric demand or biospheric supply is the limiting factor on an annual time scale, we compared actual evaporation rates with estimates of potential evaporation; for convenience we defined the potential rate as the equilibrium evaporation rate (E eq ):
where s is the slope of the saturation vapor pressuretemperature function and γ is the psychrometric constant; alternatively one could use the Priestley-Taylor rate which is 1.26 times E eq . The annual totals of evaporation from both sites were between 40 and 50% of potential evaporation. Furthermore, potential evaporation exceeded precipitation. These results indicate that the regulation of transpiration by plant functional (stomatal regulation) and structural properties (leaf area index, plant form) and life history/phenology are required to achieve a positive water balance at both sites. Seasonal information on the biosphere's control of evaporation is provided in Fig. 9 in the form of the canopy surface conductance, G c ; this variable was derived by evaluating an inverted form of the Penman-Monteith equation (Kelliher et al., 1995) . During the rainy season, G c was largest, but it ranged widely day-to-day (0.2-0.6 mol m −2 s −1 ), reflecting the evaporation from wet or dry surfaces and the alternation of cloudy and sunny days. Although G c is a function of leaf area index and stomatal conductance, it was difficult to detect a distinct effect of changing leaf area index on G c during the rainy season due to the large day-to-day variance. With the cessation of winter rains G c experienced less day-by-day variance, and dropped gradually with time. At the grassland site, G c approached zero (<0.005 mol m −2 s −1 ) by midsummer, reflecting the death of the grasses. In comparison to the grassland, the canopy conductance of the transpiring savanna was greater (G c ∼ 0.02 mol m −2 s −1 ). However, its dry season values were about one-tenth of its winter leafless values as a result of progressive stomatal closure. Our measurements of annual evaporation agree favorably with simple estimates of 'actual' evaporation produced by Major (1988) for oak savanna landscapes in California, using the Thornthwaite equation and a soil moisture bookkeeping method. With this simple method, Major produced evaporation values that ranged between 280 and 382 mm per year. The measured evaporation rates from the savanna, reported in Table 3 , are also on par with data produced by Lewis et al. (2000) from a 17 year watershed study of oak woodlands at the Sierra Foothills field station; they reported that average evaporation was 368 ± 89 mm at a site with 708 ± 259 mm of rainfall. In contrast, a greater difference in the water balance of an open grassland and a tree-grass system was reported for the Spanish "dehesas" savanna (Joffre and Rambal, 1993) ; 400 mm of water was lost from an open grassland and 590 mm of water was lost from the trees-grass system.
The sparseness of the woodland, we are studying, and its occupation in a semi-arid climate, resulted in annual evaporation sums that were below those for mixed species oak forests in the humid and temperate zone of eastern United States, which evaporate more than 500 mm of water per year (Moore, 1996; . We also recorded sums of evaporation that were lower than transpiration values for evergreen oak savanna growing on the coastal range of California (Goulden, 1996) ; a landscape of Quercus agrifolia transpired 443 mm and Q. durata transpired 570 mm in a year. Evergreen oaks in northern California grow in a wetter and cooler climate and access ground water (Griffin, 1988) which limits the degree of stomatal closure during the summer.
The amount of annual evaporation from our grassland falls between sums reported for grasslands growing in the Canadian prairie (Wever et al., 2002) and southern Great Plains (Burba and Verma, 2001) ; the Canadian prairie evaporates about 250 mm of water per year and the grassland in the southern end evaporates over 1000 mm over a year. Having a winter/spring growing season, thereby, enables the California annual grassland to complete its life cycle on less water than if it was growing as a perennial C 3 /C 4 grassland in the southern Great Plains with a summer growing season.
The lower rate of evaporation that we observed over the grassland, as compared to the oak savanna, is supported by measurements from a paired watershed study. Lewis (1968) converted an oak woodland watershed to grassland and found that consumptive water use dropped from 513 to 378 mm per year, a 26% decrease in evaporation. On the other hand, grazing is expected to have had only a minor effect on evaporation. Bremer et al. (2001) reported that grazing reduced seasonal evaporation for a grassland in Kansas by only 6%. And light and heavy grazing had a negligible affect on CO 2 exchange, and by inference evaporation, in another study (Lecain et al., 2000) .
Fingerprint diagrams are a convenient way to distill the diurnal and seasonal dynamics of a large pool of sensible heat flux density, H, data from the grassland and woodland sites (Fig. 10) . The most notable observation is that peak rates of H were much greater over the transpiring oak woodland during the summer than over the dead, dry grassland. The aerodynamically rough features of the open woodland, combined with a relatively low albedo, to produce H values exceeding 450 W m −2 , during summer. In contrast, less energy was available to the grassland and its aerodynamically smoother canopy produced lower values of H, which peaked near 350 W m −2 . On an annual basis, H over the grassland was almost 30% less than the sensible heat exchange measured over the oak woodland.
The peak H values over the oak woodland are among the top rates we have measured or seen reported in the literature for energy exchange of vegetated surfaces. Only measurements of H from an arid steppe shrubland in eastern Oregon (Doran, 1992 ) approach 450 W m −2 and another study, over a desert with CAM species, reported H values approaching 500 W m −2 (Unland et al., 1996) . Other reports of large sensible heat flux densities from vegetated surfaces in dry semi-arid climates, such as a dry grassland in Arizona (Chehbouni, 2000b) , a dry boreal jack pine forest in Canada ) and a dry savanna in Niger (Lloyd, 1997) were lower than values reported here; they only approached 350 W m −2 .
Processes and controls
Understory evaporation
Since savanna form open complexes, the net water balance of the landscape is composed of a fraction of water from the tree overstory and the grasses in the understory and open spaces. Our understory eddy flux measurements enable us to quantify the fraction of water that comes from the soil/grass understory versus the overstory (Fig. 11) . During the winter, between 40 and 60% of canopy evaporation came from the understory. This ratio did not equal one when the trees were leafless, as one may have expected, because up to 1 mm per day of water can be lost from the stems and branches of leafless trees (Kiang, 2002) . After the trees leafed out, starting around day 90, the contribution of the understory to the overall evaporation diminished. And by summer less than 10% of the evaporation water came from the understory of the woodland. Over the course of the year, 139 mm of water evaporated from the understory, which represents 36% of the moisture that evaporated from the landscape.
The understory of this oak woodland, when the grass was green, had a greater proportional contribution to canopy evaporation than the understory of a boreal jack pine , a boreal spruce/pine (Constantin et al., 1999) , a ponderosa pine and a temperate deciduous forest ; understory evaporation of the cited works constitute between 5 and 30% of canopy evaporation. On the other hand, our values are on par with measurements from a semi-arid woodland in Arizona (Scott et al., 2003) .
Evaporation and soil moisture
To quantify the relationship between evaporation and soil moisture, ecohydrological models require information on the maximum evaporation rate, the soil moisture at which evaporation begins to decline and the soil moisture content at which evaporation rates equal zero ). Yet direct measurements of the response of canopy evaporation to changes in soil moisture are rare (Kelliher et al., 1993; Hunt et al., 2002) or exist across a limited range of soil moisture conditions due to intermittent rainfall . Furthermore, the functional shape for the response of tree transpiration to soil moisture deficits shows much more diversity ( Lagergren and Lindroth, 2002) than is assumed in ecohydrological models ).
In Fig. 12 , we quantify the relationship between daily-integrated latent heat flux (normalized by its equilibrium evaporation rate) with volumetric soil moisture content for the grassland and oak savanna sites. Fig. 12a shows that normalized evaporation rates from the annual grassland were constant and attained a value slightly below that of the Priestley-Taylor constant (1.26) when soil moisture was ample (θ > 0.13 m 3 m −3 ). When volumetric water content dropped below the threshold, 0.13 cm 3 cm −3 , λE/λE eq dropped precipitously and approached zero when volumetric water content in the root zone dropped to 0.05 cm 3 cm −3 . In comparison, the ratio between λE/λE eq for the tree-grass system ranged between 0.80 and 0.90, when soil moisture was ample (Fig. 12b) . This value is much below that observed for the annual grassland and is less than the equilibrium evaporation rate. This λE/λE eq ratio is lower than what we measured over the grassland because peak leaf area index of the tree-grass system did not occur simultaneously with the rainy season; when the oaks were leafing out the soil was beginning to dry and the grass in the open spaces had started senescing. A break point occurs in Fig. 12b , precipitating a steep decline in λE/λE eq , when the soil moisture content of the root zone was 0.15 m 3 m −3 and the zero value for λE/λE eq occurred with about 0.07 m 3 m −3 of moisture remaining in the root zone.
The values of λE/λE eq , when soil moisture at the grassland site was ample, agree with measured and modeled evaporation rates from well-watered canopies of native vegetation (McNaughton and Spriggs, 1986; Baldocchi et al., 1997) and with data from another California annual grassland (Valentini et al., 1995) . In contrast, Wever et al. (2002) reported that λE/λE eq of a Canadian perennial grassland was lower, ranging between 0.8 and 1.0 under ideal plant and soil conditions. With regards to relevant grassland drought studies, Hunt et al. (2002) reported that normalized evaporation of a tussock system decreased gradually as soil moisture dropped from 0.12 to 0.04 m 3 m −3 , instead of the on-off response we observed. With regards to comparative literature on λE/λE eq over forests, our well-watered data agree well with measurements from over a temperate deciduous forest , where λE/λE eq , on average, equals 0.70. In contrast, slightly greater values of λE/λE eq (0.91) have been reported for a boreal aspen forest (Blanken, 1997) . Many plant physiologists prefer to relate soil water deficits in terms of soil water potential (ψ s ), a thermodynamic measure of water availability (Hsiao, 1973) . In Fig. 13a we plot normalized rates of evaporation from the oak savanna against two measures of soil water potential, ψ s . One measure was derived from measurements of pre-dawn leaf water potential and the other was derived by assessing ψ s with the soil water retention curve and measurements of θ (Table 2) . When canopy evaporation from the oak woodland is expressed as a function of leaf water potential, we do not observe the plateau in evaporation at the wet end of the soil moisture range, as seen in Fig. 12 . Instead, λE/λE eq decreased rapidly with decreasing water potential. Two other notable observations are indicated in the data. First, low, but significant, rates of evaporation occurred when soil water potentials were as low as −4.0 MPa, a value far below the conventional wilting point assigned for plants (−1.5 MPa); these data support physiological evidence of the ability of blue oak to sustain physiological activity under extremely dry conditions (Griffin, 1988; Barbour and Minnich, 2000) . Second, there is very good correspondence between λE/λE eq and water potential, using both measures of water potential, at the low and high ends of the soil moisture range. But to achieve this level of agreement we had to sample the soil moisture profile at many depths and locations, to obtain a statistically representative value, and we had to quantify the water release curve for the soil-two pieces of information that are often missing in conventional evaporation studies.
Because predawn water potential varied in lock-step with our measurements of soil water potential in the upper 0.60 layer of the soil at the savanna site, these data suggest that few, if any, roots may have penetrated the rocky, shale layer exists below 0.60 m. This suggestion contradicts evidence in the literature that shows that blue oak tap deep sources of water (Lewis and Burgy, 1964) .
To investigate this question further we draw on other data-the change in the soil moisture after the rains ceased and the grass died. Between day 150 and 309, we measured a loss of 48 mm of water from the upper 0.60 m layer of the soil profile. In contrast our eddy covariance measurements of evaporation indicate that 114 mm of water evaporated from the landscape during this period and of this total, 20 mm of water was lost from the dry grass layer in the understory. Based on this water budget, we conclude that 66 mm of water, or 57% of the total, came from other sources. We surmise that a significant fraction of moisture probably came from below the fractured shale layer, supporting the measurements of Lewis and Burgy (1964) and Sternberg et al. (1996) . But we cannot discount a loss of water from the boles of the trees because we measured significant shrinkage with weekly dendrometer band measurements. Nor can we discount water coming from a reserve between 0.6 m and the fractured rock layer (between 0.7 and 1.0 m).
To address the role of measurement errors on the assessment of the hypothesis that 'oaks tap deeper sources of water' we draw on data from the soil water balance of the dead grassland, a system with a shallow root system. In this second case, we measured a loss of 20 mm of water from the upper 0.60 m soil profile over the 145-day period dry period between days 150 and 309. In comparison we measured 29 mm of evaporation with the eddy covariance system. This cumulative difference of 9 mm represents a potential bias error with the eddy flux measurements; on a daily basis it converts to a mean evaporative flux measurement error of 0.06 mm per day. On an annual basis, this bias would sum to of 23 mm, or about 6% of our annual evaporation sum; this computation assumes the soil moisture measurements were error free. And since there could have been some moisture lost from the layers below the 0.60 m deep soil moisture probes, the accuracy of our latent heat flux density measurements may have even been better. Hence, we conclude that our eddy covariance measurements were accurate enough to conclude that the oaks tapped some moisture sources below the top 0.60 m of the soil layer, as suggested by Lewis and Burgy (1964) .
For the grassland, a threshold ψ s exists for a rapid reduction in λE/λE eq and it corresponds with a water potential of about −1.5 MPa (Fig. 13b) ; this value matches the conventional permanent wilting point of plants. We also observe that the null point for evaporation corresponds with soil water potentials below −2.5 MPa. Spikes in evaporation, when the soil was driest, occurred after summer rains. These rain events wetted the grass and soil surface, but did not penetrate to the depth of the soil moisture probes. 
Canopy conductance and photosynthesis
Critical needs of global change, biogeochemical cycling and weather and climate include the quantification of parameters that define the response of stomatal conductance to soil moisture deficits. At present, the canopy conductance schemes of many land surface-atmosphere energy exchange models do not address the role of stomatal control with soil moisture deficits well, or they do so in an ad hoc manner. While this deficiency may not be consequential in humid climates, it can have significant consequences on the calculation of evaporation in semi-arid regions. For example, predictions of potential evaporation rates with radiation-based models, such as the Priestley-Taylor equation (Priestley and Taylor, 1972) , severely overestimate evaporation of savanna woodlands (Major, 1988; Lewis et al., 2000) . This occurs because a semi-arid climate limits the amount of leaf area that can be sustained by the ecosystem (Eagleson, 1982; Baldocchi and Meyers, 1998; Eamus and Prior, 2001; Eamus, 2003) and drying soils force stomatal closure, which limit transpiration when evaporative demand is greatest (Kelliher et al., 1993; Goulden, 1996; Kiang, 2002) .
The Penman-Monteith equation (Monteith, 1981) has the potential to evaluate evaporation rates correctly, but to do so, it requires independent information on how the canopy surface conductance decreases as the soil dries, stomata close and leaf area diminishes (Kelliher et al., 1995) . Over the past decade there have been successful efforts to assess stomatal conductance, independently of transpiration, by linking it to photosynthesis (Collatz et al., 1991) . And by extension, several groups have proposed to quantify canopy conductance, G c , using measurements of canopy photosynthesis (A c ), relative humidity (rh) and CO 2 concentration, C a (Valentini et al., 1995; Dolman et al., 2002; Wever et al., 2002) :
In Fig. 14 , we show the relationship between canopy conductance (computed by inverting the Penman-Monteith equation) and the index constructed from independent measurements of photosynthesis, rh and CO 2 . For the grassland site (Fig. 14a) , this index had a slope of 9.908 and accounted for 80% of the variance of G c . Furthermore, the canopy conductance index was able to predict variations in G c across a wide range of leaf area index and soil moisture without significant alteration of linear regression slope.
For the savanna site (Fig. 14b) , a second-order polynomial regression provided a better fit through the data and accounted for 81% of the variance of G c . The slope of this regression varied from 9 to 16 as the magnitude of the A c rh/C a index increased from 0.001 to 0.01 mol m −2 s −1 . In this case the slope of the regression is sensitive to changes in soil water content.
How do these results compare with others in the literature? For the grassland, the slope of the stomatal conductance index seems to be scale invariant, as it is similar to values determined for leaf-level studies on the stomatal conductance of grasslands, which range between 9 and 18 (Wohlfahrt et al., 1998) . On the other hand, these data differ when compared with data from other grassland studies. Valentini et al. (1995) reported that the slope of the G c versus A c rh/C a relationship ranged between 1.3 and 0.288 and decreased as soil moisture decreases; note, we converted their published data to express G c in units of mol m −2 s −1 . But the study of Valentini et al was on a low productivity serpentine soil and the photosynthetic rates were about one-third of what we measured (Xu and Baldocchi, 2004) . In the other relevant study, Wever et al. (2002) reported significant interannual variability of the stomatal conductance index for a perennial grassland-slopes ranged between 6 and 15-and they observed higher values slopes for the drier years. For the oak woodland the slope of the G c versus A c rh/C a relationship is modestly approximated by leaf level value (8.8) that we observed (Xu and Baldocchi, 2003) .
With the CANVEG model, we have hypothesized that λE/λE eq will scale with the product of leaf area index and maximum carboxylation velocity, V cmax , due to the links between evaporation, stomatal conductance and photosynthesis (Baldocchi and Meyers, 1998 ), but we have never had the data to test this hypothesis. During the summer of 2001 eddy flux measurements of λE/λE eq were made coincidently with measurements of maximum carboxylation velocity, V cmax , on leaves of blue oak (Xu and Baldocchi, 2003) . To test this hypothesis, we overlay measured and computed values of λE/λE eq versus the product V cmax times LAI in Fig. 15 . Model computations corresponded well with measurements before severe water deficits were established (where the independent variable ranged between 20 and 50). In addition, these theoretical calculations provide an ecophysiological explanation why λE/λE eq was lower for the oak woodland, with a dead grass understory, than the green grassland-the leaf area index of the oak-savanna was lower than that of the green grassland. By late summer, soil moisture deficits had forced partial closure of the stomata, thereby causing the functional relation between modeled λE/λE eq and the product, V cmax times LAI, to fail. These data suggest that the CANOAK model needs to be coupled to a soil moisture model to predict carbon and water fluxes for the oak savanna system during the summer drought.
Conclusions
The focus of this paper was on how a number of abiotic, biotic and edaphic factors modulate energy exchange over an oak-grass savanna and annual grassland ecosystems. The net radiation balance was greater over the oak woodland than the grassland despite the fact that both canopies received similar sums of incoming short and long wave radiation. The lower albedo and lower surface temperature of the woodland were responsible for its retainment of more energy.
The cited differences in net energy exchange had profound impacts on seasonal evaporation and sensible heat exchange. The woodland evaporated about 380 mm per year and the grassland evaporated about 300 mm per year. Differences in the physical water holding characteristics of the soils at the two sites account for this difference in evaporation, and provide a partial explanation why the vegetation differs at the two sites. We also report that these findings support the hypothesis that the presence of trees improve the soil water holding capacity of savanna soils (Joffre and Rambal, 1988; Jackson et al., 1990) .
During the hot dry summer, when stomata were shut, sensible heat fluxes over woodland exceeded 450 W m −2 and greatly exceeded sensible heat fluxes over the grassland, which had less available energy.
On an annual basis over 36% of the soil moisture came from the understory. The measurement of water vapor fluxes above and under sparse vegetation should be a prerequisite when studying water vapor fluxes from a savanna woodland. They are needed to understand the relative controls of trees, soil and herbs on evaporation at the landscape scale.
The response of evaporation to diminishing soil moisture was quantified using information on volumetric water content, soil water potential of the root zone and predawn water potential. When soil moisture was ample, values of latent heat exchange, normalized by the equilibrium value, λE/λE eq , were greater for the grassland than for the oak savanna. The grassland died and quit evaporating when the water content of the soil dropped below the permanent wilting point (−1.5 MPa). The oak trees, on the other hand, were able to transpire, at low rates, under very dry conditions (soil water potentials down to −4.0 MPa) and attain low rates of transpiration from the dry soil by tapping sources of water below the fractured shale layer. In other words, the combination of stomatal closure, the establishment of a canopy with a low leaf area index and ability of some roots to tap deep water sources provided enough water to the trees to stay alive during the harsh dry summer.
Canopy conductance of the grassland scaled with canopy photosynthesis across a wide range of leaf area indices and soil moisture. There is promise to develop algorithms that assess G c , on a regional scale, using remote sensing products that estimate GPP.
Using a coupled biophysical-ecophysiological model, CANOAK, we conclude that the combination of a low leaf area and the seasonal trend in photosynthetic capacity explained the relatively low values of λE/λE eq that were attained by the woodland.
By comparing annual evaporation, potential evaporation and precipitation we conclude that regulation of transpiration by plant functional (stomatal regulation) and structural properties (leaf area index, plant form) and life history/phenology is required to achieve a positive water balance at both sites.
